IMPORTANCE Stress cardiac magnetic resonance imaging (CMR) is not widely used in current clinical practice, and its ability to predict patient mortality is unknown.
N oninvasive cardiac stress testing is a cornerstone in the clinical treatment of patients with known or suspected coronary artery disease (CAD). 1, 2 Numerous previous reports and meta-analyses have concluded that stress cardiac magnetic resonance imaging (CMR) is more accurate for the diagnosis of CAD compared with conventional stress imaging methods, 3 -8 yet CMR represents less than 0.1% of all imagingbased stress tests performed in the United States. 9 Optimal patient treatment relies on both the diagnostic and prognostic information provided by noninvasive testing, and with escalating costs associated with use of advanced imaging methods, there has been a fundamental shift from a simple focus on test accuracy to a broader focus on patient outcome.
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The limited use of stress CMR is likely owing to multiple factors, including availability of good-quality laboratories, exclusion of patients with ferromagnetic devices, and a lack of data on patient outcome. The prognostic value of stress CMR has been reported in relatively small single-center studies, with few hard events and short follow-up times.
11-14 Most previous outcome studies had fewer than 10 patient deaths in all groups combined, with the largest having fewer than 50 deaths.
11-14
Accordingly, previous studies required the use of composite end points to demonstrate a link between CMR findings and patient outcome, and the association was driven primarily by soft events. At present, it is unknown whether stress CMR results are associated with mortality independent of soft events. Collecting meaningful outcome data requires large numbers of patients and/or long follow-up times, which has only within the past decade been facilitated by the widespread use of electronic health records. In December 2016, the US Congress passed the 21st Century Cures Act, 15 which required the US Food and Drug Administration to accept electronic health records as real-world evidence (RWE) in support of new drugs and devices. 16 In this study, we used RWE to test the hypothesis that an abnormal stress CMR examination is independently associated with mortality in a large multicenter population of patients with known or suspected CAD.
Methods

Multicenter Data Collection and Follow-up
Seven geographically diverse medical centers in the United States participated in this study, and the Duke Cardiovascular Magnetic Resonance Center served as the data coordinating center. The 7 enrolling centers were chosen because they were all using the software needed for collection of multicenter data and also were routinely performing CMR stress testing. Figure 1 depicts the infrastructure we developed and implemented to collect RWE. Construction of the system was funded in part by Small Business Technology Transfer grants from the National Institutes of Health (HL080843, HL106864, and HL117397).
In the first step of the overall system, each of the 7 participating centers used the same software for onsite clinical CMR image interpretation and reporting, as well as for cloudbased data aggregation (Precession and CloudCMR software, respectively; Heart Imaging Technologies). At each site, the structured data from the finalized clinical CMR reports were stored in an internal relational database. In the second step, the structured clinical report data and associated Digital Imaging and Communications in Medicine images from each of the 7 centers were automatically deidentified and transmitted to CloudCMR (Figure 1 ). In the final step, every 3 months, the 7 local systems automatically determined patient mortality by comparing local patient identifiers to the US Social Security Death Index, 17 and any changes in vital status were automatically transmitted to CloudCMR ( Figure 1 ). Where available, the Social Security Death Index mortality data were supplemented with information from other locally available data sources.
Study Population
Across the 7 participating centers, all consecutive patients undergoing stress CMR with a clinical indication to evaluate myocardial ischemia were included ( Figure 1 ). Of the 9454 consecutive patients undergoing their first CMR stress test, 303 were missing data for 1 or more cardiac risk factors and were therefore excluded from the primary analysis. Accordingly, the study population consisted of a total of 9151 patients. The 303 excluded patients had a similar incidence of positive/ negative stress test results compared with the 9151 included patients. Baseline demographics such as patient age, sex, height and weight, blood pressure, clinical risk factors, cardiac history, cardiac symptoms, and medications were obtained prospectively by local site investigators at the time of the clinical study ( Table 1) . Institutional review board approval and written patient consent were obtained at each center.
Cardiac Magnetic Resonance Image Acquisition
The CMR stress studies were performed as previously described by Klem et al 18 on either a 1.5-or 3.0-T magnetic resonance imaging scanner. The stress CMR examination consisted of 3 components: (1) cine imaging to examine regional left ventricular (LV) wall motion; (2) stress and rest perfusion imaging to test for ischemia; and (3) late gadolinium enhancement (LGE) imaging to detect myocardial infarction and/or scar. In brief, steady state free-precession cine images were acquired in multiple short-axis locations (every centimeter from base to apex) and 3 long-axis locations (2, 3, and 4 chamber). After cine imaging was completed, adenosine or regadenoson was administered to cause coronary vasodilation under continuous electrocardiogram and blood pressure monitoring with contrast injection (0.065 mmol/kg of gadolinium
Key Points
Question Can the results of vasodilator stress cardiac magnetic resonance imaging be associated with subsequent patient mortality?
Findings In this multicenter study of 9151 patients followed up for up to 10 years, stress cardiac magnetic resonance imaging was strongly associated with patient mortality, both in the overall patient population as well as in a total of 14 different subpopulations.
Meaning Stress cardiac magnetic resonance imaging may be another noninvasive indicator of prognosis.
contrast). A saturation-recovery, single-shot, gradient-echo sequence 18 was typically set up for 4 short-axis slices (matched to cine locations excluding most basal and apical slices) per heartbeat. If the stress perfusion images were abnormal, rest perfusion images were acquired using the same protocol during a second 0.065-mmol/kg dose of gadolinium contrast at least 10 minutes after the effects of pharmacologic vasodilation had ended. Otherwise, the second contrast agent dose was administered without rest perfusion imaging (total dose, approximately 0.13 mmol/kg). The LGE was performed at least 5 minutes after the second dose of the contrast agent, using a segmented inversion-recovery technique in the identical views as cine imaging.
Cardiac Magnetic Resonance Image Analysis
As described previously, 19-23 the presence of wall motion and
LGE patterns were recorded in the clinical reports using the American Heart Association 17-segment model, and the presence of ischemia on stress perfusion imaging was recorded in 16 segments (apical segment not typically within the field of view). The CMR interpretation algorithm has been described previously. 18 In brief, a stress perfusion defect was considered ischemia if there was no LGE or if the perfusion defect was larger than the region of LGE, unless there were matched stress and rest perfusion defects without evidence of LGE. The criterion for a perfusion defect was a persistent delay in first-pass myocardial enhancement in more than 3 consecutive images. In accordance with established practice, 5 stress CMR was considered abnormal if any abnormality was recorded in the segmental scores for wall motion, ischemia, or LGE.
Statistical Analysis
Statistical analysis was performed using SAS, version 9.4 (SAS Institute). Continuous variables were expressed as median and interquartile range (IQR; 25th and 75th percentile) and were compared by the Wilcoxon rank-sum test. Comparisons of discrete variables were made using the χ 2 test; Fisher exact test was used when the assumptions of the χ 2 test were not met. Time to event was calculated as the period between the CMR study and death. Patients who did not experience the primary outcome were censored at the time of the most recent comparison with Social Security Death Index (automatically performed every 3 months). Cox proportional hazards analysis was used to evaluate the association between stress CMR and time to the primary outcome of all-cause mortality. Cardiac risk factors were defined as age, sex, history of diabetes, history of hypertension, history of hyperlipidemia, and current smoker. To assess the added prognostic value of stress CMR, multivariable model 1 was defined using the following a priori risk factors: age, sex, history of diabetes, history of hypertension, history of hyperlipidemia, current smoker, history of CAD, and history of myocardial infarction. In multivariable model 2, clinical variables associated with mortality at P less than .10 were considered as candidates for inclusion using Cox regression analysis with stepwise selection. In both models 1 and 2, the global χ 2 statistic was calculated with and without stress CMR and compared using the likelihood ratio test. For patients without a history of CAD, Simplified Framingham Risk Score 24 was defined as low, intermediate, and high as less than 10%, 10 to 20%, and more than 20%, respectively. Kaplan-Meier survival analysis was used to assess the predictive value of stress CMR, and adjustments for patient age, sex, and cardiac risk factors were made using the SAS PHREG procedure, which provided the P values. Formal risk reclassification analyses were conducted by calculating net reclassification improvement 25, 26 for all patients who were followed up for at least 4 years (or died prior to 4 years) using 3 probability of death categories: less than 10%, 10% to 20%, and more than 20%, chosen because these resulted in approximately equal numbers of patients in each category. A P value of less than .05 was considered statistically significant. 
Results
Patient Characteristics
CMR Results
Overall median LV ejection fraction (LVEF) was 60.0% (IQR, 50.0-65.0). Patients with a normal stress CMR examination had a median LVEF of 61% (IQR, 60-65), and those with an abnormal examination had a median LVEF of 50% (IQR, 39-60) (P < .001). Abnormal wall motion was observed in 3282 of 9151 patients (36%), ischemia on stress perfusion was observed in 2388 (26%), and LGE was observed in 3445 (38%). The vasodilator used during stress CMR was adenosine in 6197 patients (68%), and regadenoson in 2954 (32%).
Patient Mortality
There were a total of 48 615 patient-years of follow-up. Of the 9151 patients in the study, 1517 died during a median follow-up time of 5.0 years (IQR, 2.3-7.8 years). The overall annual mortality rate was 3.1% per year. For patients without a history of CAD and with a normal stress CMR test result, the annual mortality rates for patients at low, intermediate, and high Framingham risk were 0.8%, 1.4%, and 2.7% per year, respectively, compared with 2.7%, 4.0%, and 4.9% for patients with an abnormal stress CMR, respectively. Table 2 shows the results of multivariable analysis. For an a priori clinical model consisting of age, sex, cardiac risk factors, history of CAD, and history of myocardial infarction, the addition of stress CMR increased χ 2 from 581.8 to 687.4, and the difference was statistically significant (P < .001). For a Cox proportional hazards model with risk factors determined programmatically in a stepwise manner, the addition of stress CMR increased χ 2 from 620.7 to 721.1, and the difference was also statistically significant (P < .001). When LVEF by CMR was included in multivariable models 1 and 2 after the clinical variables, stress CMR remained independently associated with mortality for both models (P < .001). Net reclassification analysis revealed that of the 6235 patients who were followed up for 4 years, for patients who did not survive, stress CMR resulted in a net improvement in prediction in 6.5% (95% CI, 2.7-8.6; P < .001). For patients who did survive, the net improvement was 4.9% (95% CI, 3.3-5.7; P < .001). Overall, the net reclassification improvement was 11.4% (95% CI, 7.3-13.6; P < .001). Figure 2 shows the Kaplan-Meier survival analysis for all patients, after adjustment for age, sex, and cardiac risk factors. Stress CMR examination results (normal vs abnormal) showed a strong association with all-cause mortality (all patients, HR 1.883; 95% CI, 1.680-2.112; P < .001, Figure 2 ). The upper row of Figure 3 shows Kaplan-Meier survival analyses after adjustment for age, sex, and cardiac risk factors for all patients without ( Figure 3A ) and with ( Figure 3B ) a history of CAD. Similarly, Figure 3C and D show patients with normal and abnormal LVEF, Figure 3E and Figure 3F show patients without and with LGE, and Figure 3G and H show patients without and with chest pain. In all 8 patient subpopulations in Figure 3 , an abnormal stress CMR was strongly The thinner lines indicate 95% confidence intervals. Numbers at bottom indicate patients at risk. associated with mortality (history of CAD HR, 1.955; 95% CI, 1.712-2.233; P < .001; no history of CAD HR, 1.578; 95% CI, 1.235-2.2018; P < .001; normal LVEF HR, 1.385; 95% CI, 1.194-1.606; P < .001; abnormal LVEF HR 1.836; 95% CI, 1.299-2.594; P < .001; typical chest pain present HR, 2.074; 95% CI, 1.518-2.834; P < .001; typical chest pain absent HR, 1.860; 95% CI, 1.643-2.105; P < .001; LGE present HR, 1.447; P < .001; 95% CI, 1.151-1.819; P < .002; LGE absent HR, 1.676; 95% CI, 1.437-1.956; P < .001).
Multivariable Analysis and Net Reclassification
Survival Analysis
eFigure 1 in the Supplement shows results for patients without a history of CAD (n = 6655). The upper row shows Kaplan-Meier survival analyses for patients with low, intermediate, and high Framingham risk scores. The lower row shows Kaplan-Meier survival analyses for patients younger than 50 years, 50 to 65 years, and older than 65 years. In all 6 patient subpopulations in eFigure 1 in the Supplement,a n abnormal stress CMR was strongly associated with mortality.
eFigure 2 in the Supplement shows the results for all patients by sex. For both male and female patients, an abnormal stress CMR was strongly associated with mortality. eFigure 3 in the Supplement shows results for increasing spatial extent of the abnormality for each of the 3 CMR examination components (wall motion, infarct/scar, and ischemia). Increasing spatial extent was significantly associated with all 3 examination components (Table 2 ).
An abnormal stress CMR was associated with mortality at both 1.5-T and 3-T magnetic field strengths (1.5-T HR, 1.885; 95% CI, 1.666-2.132; P < .001; 3-T HR, 1.634; 95% CI, 1.191-2.242; P < .002 for each).
Discussion
Previous studies have established that stress CMR is one of the most accurate techniques to detect functionally significant CAD.
3-8 However, despite evidence of improved diagnostic accuracy, according to the US Centers for Medicare and Medicaid Services, a total of 2447 stress CMR examinations were reported in 2016, compared with 370 677 stress echocardiograms and 2 091 654 stress nuclear examinations. 9 This study demonstrates that vasodilator stress CMR is significantly associated with mortality in a large multicenter population of patients with known or suspected CAD followed up for up to 10 years. To our knowledge, the 1517 patient deaths reported here are more than 30 times larger than any previous study of stress CMR mortality (less than 50 deaths).
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Randomized clinical trials are characterized by intrinsic scientific strengths and are widely recognized as the gold standard that has reshaped medical knowledge and practice.
27,28 However, randomized clinical trials may not be generalizable to routine clinical practice because narrow entrance criteria limit the diversity of randomized clinical trial patient populations. 28, 29 Conversely, in this study, the use of RWE allowed us to examine the predictive value of stress CMR in a broad spectrum of patients composed of 16 different subpopulations (Figure 3 ; eFigures 1 and 2 in the Supplement). Importantly, each of the 16 patient subpopulations comprised thousands of patients and hundreds of deaths. These findings suggest that stress CMR has broad prognostic significance regardless of patient age, symptoms, or risk factors. Accordingly, while RWE studies may in general be more susceptible to patient selection bias compared with randomized clinical trial studies, the consistent KaplanMeier findings across 16 different cross-sections of a heterogeneous multicenter population suggest that patient selection bias is unlikely to affect the primary conclusion of our study: that stress CMR is significantly associated with mortality. Randomized clinical trials typically involve a core laboratory for data analysis, thereby providing standardized interpretation of the data. However, a disadvantage of the use of a core laboratory is that centralized expert review may not reflect what actually happens in routine clinical practice. In this study, the CMR images were interpreted during routine clinical evaluation at each of the 7 participating sites. The results demonstrate that stress CMR as it is performed in real-world clinical practice is associated with patient mortality.
The 9151 patients reported here are 3.7 times greater than the 2447 stress CMR examinations reported annually to CMS for the entire United States. 9 The ability to assess predictive value in a broad spectrum of patient subpopulations while maintaining statistical significance was likely owing to the use of an automated process to collect RWE from large numbers of patients. The technique reported here requires little or no human input other than routine clinical workflow ( Figure 1) . The approach described here may serve as a model for the evaluation of other diagnostic procedures.
We found an overall annual mortality rate of 3.1% per year, which is similar to the rate reported by Hachamovitch et al 30 
Limitations
Baseline demographics were obtained by local site investigators at the time of the clinical study and were limited to the prespecified variables presented in this article, which do not represent a comprehensive list of all possible prognostic markers and do not account for changes in these variables during the follow-up period. Our automated data collection system did not track symptoms, such as atypical chest pain, syncope, dizziness, nausea, or palpitations, nor did it track the number of patients with an equivocal echocardiogram or stress electrocardiogram. Information regarding specific cardiovascular outcomes, such as myocardial infarction, sudden death, implantable defibrillator placement, transplantation, or hospitalization, were not available. Follow-up data in this study were limited to the primary end point of all-cause death, and the cause of death was not known. Thus, not all deaths were necessarily owing to cardiac causes. However, many have argued that all-cause mortality is an important and appropriate study end point because it is objective, clinically relevant, and unbiased, which is often not the case for cardiac mortality or softer outcomes such as revascularization or hospitalization. [34] [35] [36] [37] In this study, we were unable to determine whether patients were revascularized after the CMR stress test. However, if anything, one would anticipate that revascularization was performed more commonly in patients with an abnormal CMR stress test result and that revascularization would not result in an increase in mortality.
Our study achieves only 1 of several key phases recommended by the American Heart Association for the evaluation of a novel marker of cardiovascular risk, 38 namely that stress CMR provides incremental information beyond that of standard risk markers in a large and diverse multicenter patient population. The 2018 MAGnet study 39 addressed another key phase, namely the effect of stress CMR on patient management decisions. 39 An important additional American Heart Association-recommended phase would be to systematically study the comparative effectiveness of CMR vs other modalities used in the assessment of patients with known or suspected CAD.
Conclusions
In this large, multicenter study, vasodilator stress CMR as performed in clinical practice was found to be independently associated with mortality, incremental to common clinical risk factors as well as history of CAD and LVEF. These findings provide a foundational motivation to study the comparative effectiveness of stress CMR against other modalities used in the assessment of patients with known or suspected CAD.
